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I N  SOLAR ETJERGY 

By John C . Arvesen I9 
NASA,Ames Research Center, 

of a sun-oriented space vehicle traveling from the earth to within 
9 million miles (-0.1 astronomical unit) from the sun is studied. 
Experimental temperature changes of the shielded vehicle are compared 
with predicted values obtained from a previously developed radiative 
heat-transfer analysis. The capsc,le tested was conical in shape and 
the shield was a flat disk. 
from the capsule and completely shaded the capsule from an infrared 
radiation source. The shields were heated by the source to a predeter- 
mined temperature representative of a certain distance from the sun, 
The tests were conducted in a 4- by 5-foot vacuum chamber at a pressure 
of less than 5 ~ 1 0 ' ~  Torr, 
cooled with liquid nitrogen to simulate the thermal environment of space. 

The shield was placed at a given distance 

The walls of the chamber were blackened and 

The temperature rise on the capsule r-esulting from an increase 
in shield temperature is shown to be a f'unction of the radiation con- 
figuration factors between the shield and the capsule, the total hem- 
ispherical emittances of the shields and capsules, and the internally 
generated heat. The necessity of considering the angular absorptance 
characteristics of the capsule is also discussed. Results indicate 
that with shields and with constant internal power, the change in cap- 
sule temperature can be held to about 10' F for a shield temperature 
increase of 1000° F. This shield temperature increase is consistent 
--.2 w I L I I  I,. approach to witi-jiil 9 r j l l i o n  r,iles of the sun - v ' + L  

*iurl a reasma5le 
shield configuration. 

INTRODUCTION 

The exploration of interplanetary space and of the planets will 
require the use of spacecraft with ever increasing sophistication and 
complexity, The temperatures of instrumentation and equipment on such 
spacecraft will probably have to be maintained within limits which are 
even more stringent than those currently needed. 
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The temperature -control of such vehicles is therefore a signifi- 
cant problem, especially for those missions in which the intensity of 
the incident solar radiation increases substantially, At the orbit of 
Venus, for example, the solar radiation intensity is approximately 1.9 
solar constants (i.e., 1.9 times the intensity- at the earth's distmce 
from the sun), 
about 6.6 solar constants. 
solar probe which would approach to within 9 million miles (0.1 A.U.) 
of the sun could also be a worthwhile scientific mission, 
For this mission, the maximum intensity would be 100 solar constants: 

For a mission to Mercury, the intensity increases to 
A feasibility study has indicated that%a 

(See .rei?, 1.) 

Based on the requirements for the solar probe mission described 
in reference 1, an analysis was made (ref. 2) in which the concept of 
solar radiation shields was developed as a method of achieving satis-  
factory temperature control for a sun-oriented capsule subjected to 
large changes in radiation intensity. This study indicated that in 
going froml.O to 0 . 1 A . U . ,  the temperature rise would be no more than 
26' and 2' F, respectively, for conical capsules with single and 
double radiation shields. This would compare with a temperature rise 
of hundreds to thousands of degrees, depending on surface properties, 
for an unshielded capsule. 
pera-ture rise with solar shields was based on an analysis which 
included some simplifying generalizations and assumptions. 
therefore pertinent to substantiate the analytic results with experi- 
ment. The purpose of this paper is to present the results to date of 
this experimental program and to show how these results compare with 
those obtained from the analysis of reference 2. 

This significant reduction in capsule tem- 

It was 

EXPERIMENTAL P R O C E D W  

Because of the lack of a suitable source of solar radiation for 
duplicating the solar intensity at 0.1 A.U. (100 solar constants), the 
solar shields used in the experiments were heated with infrared radia- 
tion. However, the resultant temperatures of the shields can be 
directly related to distance from the sun with a minimum number of 
assumptions. 
figuraticns is the prediction of the radiation heat transfer between 
tne sh ie ld  aiid capa*ulc and the resnltant capsule temperature. 
nately, this problem can be readily studied experimentally since the 
source used in heating the shields is immaterial. 

The main problem in t'ne analysis of shield-capsule con- 

Fortu- 

Models 

Tests were conducted on shield-capsule models having the same 
geometry as the "solar-probe configuration" studied analytically in 
reference 2. A schematic drawing of this configuration is shown in 
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f igure 1 and a photograph of a typical  capsule model, with thermo- 
couples and power leads attached, i s  shown i n  f igu re  2. 

The conical-capsule models were 1 foot  i n  length and 6 inches i n  
0 diameter, with a resu l t ing  semiapex angle of about 14 . They were con- 

s t ruc ted  of 1/32-inch-thick aluminum. Heat w a s  generated in t e rna l ly  by 
an e l e c t r i c a l  res is tance heater .  Conduction of heat t o  or  from the 
capsule models through the  heater-power leads  w a s  minimized by the use 
of guard heaters a t  the same temperature as the  capsule. 

The shields  were 6 inches i n  diameter ( sh i e ld  diameter = cone base 
diameter) and were constructed of 1/16-inch-thick aluminum. 

Two d i f f e ren t  model surfaces were tes ted .  
aluminum and the  other w a s  a carbon-black coating. The aluminum sur- 
face re f l ec t ed  incident  rad ia t ion  specularly and absorbed and emitted 
rad ia t ion  i n  an angularly dependent o r  nondiffuse manner. (Direction- 
a l l y  dependent emittance and absorptance propert ies  a r e  charac te r i s t ic  
of polished metals, e.g., see r e f .  3.) The carbon-black surface 
absorbed and emitted rad ia t ion  i n  a diffuse manner. 
t a l l y  determined differences between the  two types of surfaces a re  
shown i n  f igure  3. In  t h i s  figure, it i s  t o  be noted t h a t  the  carbon- 
black surface has the  same emittance a t  a l l  angles while the emittance 
of the aluminum surface depends on the angle. 

One w a s  polished 

The experimen- 

Test Apparatus 

A b f o o t  diameter by 5-foot long  vacuum chamber was used i n  the 
tests.  
were conducted a t  a pressure of 5 ~ 1 0 ' ~  Torr. 
t r ans fe r  is ,  therefore,  negl igible .  

Photographs of t h i s  chamber a re  shown i n  f igure  4. The t e s t s  
A l l  convective heat 

A cold-wall assembly, consisting of a double-walled cylinder and 
two double-walled end sections,  i s  located within the  vacuum chamber. 
This assembly is  cooled t o  -320' F by l i q u i d  nitrogen. The i n t e r i o r  
of  the  assembly has a black coating with an inf ra red  absorptance of 
0.94. 
tion': t o  reduce the  heai iriput from the  vacua-chamber wzlls t o  the 
cold w a l l  assembly. The working space within t h e  chaniber i s  3 f e e t  i n  
diameter and 4 f e e t  long. 

The ex te r io r  i s  wrapped with an aluminized mylar "superinsula- 

The sh ie lds  are heated by infrared rad ia t ion  t o  a uniform, pre- 
determined temperature by means of a two-element e l e c t r i c a l  rad ia t ive  
source. Tine back of this heater i s  siirrcl;mrded by a l iquid-nitrogen- 
cooled shroud t o  eliminate s t r a y  thermal rad ia t ion  inside the cold 
w a l l s  due t o  rad ia t ion  from the  heater.  A schematic diagram of a 
t y p i c a l  experimental t e s t  setup i s  shown i n  f igure  5 .  
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Auxiliary Equipment 

P.dditional equisment was required t o  monitor the temperatures of 
the capsule and sh ie ld  models, t o  supply and measure the capsule 
in t e rna l  heat, and t o  determine the emittance of the a l u n i n u  and car- 
bon black surfaces of i n t e r e s t .  

Temperatures on the models were measured by thermocouples located 
a t  various points on t h e i r  surfaces.  . The thermocouple readings were 
reccirded on a s t r ip-char t  recorder.  To ver i fy ,  within a reasonable 
t i m e ,  t h a t  thermal equilibrium had been esta,blished, it was necessary 
t o  monitor very small temperature changes. These changes were de ter -  
mined by nul l ing the output voltage of the  thermocouple with a known 
vol tage.  

The e l e c t r i c a l  power t o  the  resis tance heaters within the capsules 
w a s  supplLed by a regulated d-c power supply. The power t o  the capsule 
w a s  determined by measuring the voltage across the input terminals t o  
the  capsule and the  voltage drop across a known resis tance i n  series 
with the  leads.  

Test Procedure 

The t o t a l  hemispherical emittance of the capsule 's  surface w a s  
determined by a heat balance on the  unshielded capsule model when 
heated in t e rna l ly  t o  a predetermined temperature i n  the vacuum cham- 
ber. The technicyae involved i s  the  same as t h a t  presented i n  refer- 
ence 4. The sh ie ld  was then placed a t  a specif ied distance from the  
capsule and the capsule's temperature adjusted by i t s  in t e rna l  heater  
t c  approximately 70" or 80' F. The sh ie ld  was next heated t o  a cer-  
t a i n  temperature and then held constant. The increase i n  temperature 
of the  capsule w a s  monitored and i t s  temperature a t  equilibrium 
recorded. The temperature of the shield w a s  increased i n  s teps  up t o  
-350' F and the corresponding equil.ibrium capsule temperatures were 
de t e rrrii ne d . 

I n  t h i s  section, those equations from reference 2 which a r e  
per t inent  for comparison with the  experimental r e su l t s  a re  presented 
i n  s lmplif ied form. In addition, smc diccussior? i s  given of those 
f a c t o r s  or  parameters which contribute t o  temperature control of a 
solar-radiat ion-shielded capsule. 
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Unshielded Vehicles 

Fnr a. vehicle in space, the only mode of heat transfer to the 
surroundings is by radiation from the outside skin, This radiation is 
governed by t,he Stefan-Boltzmann law, that is, 

&radiated = Tc4 

where 

cC capsule emittance 

Ac capsule surface area 

Tc capsule temperature 

5 Stefan-Boltzmann constant 

At thermal equilibrium 

(2) - 
&absorbed - 'radiated 

The heat absorbed by a vehicle's surface results from two sources; 
one from the external environment and one from the vehicle's internally 
generated heat : 

- &absorbed - Qexternal + &internal ( 3 )  

The external radiation absorbed when the sun is the only source is 

E - 
Qexternal - asc Ax 

where asc is the solar absorptance of the vehicle's surface, E/+ is 
the solar f l u  at a distance r from the sun (E is the solar constant) 
m d  Ax is t h e  projected surface area normal to direct solar radiation. 

For the idealized case of uniform surface temperature, the heat 
balance at thermal equilibrium may be written as 
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Q S C  - E AX + Qi = %ACOTC 4 

r* 

which, when solved for Tc, gives 

Shielded Vehicles 

A siinp1.e shield-capsule configuration, such as shown i n  f igure  1, 
has been chosen t o  i l l u s t r a t e  the degree of temperature control  t h a t  
can be achieved with so la r  radiat ion shields .  The methods developed 
i n  reference 2 t o  analyze the radiat ion heat t r ans fe r  and equilibrium 
temperatures for shielded capsules are involved and lengthy. Thus, 
o n l y  the per t inent  expressions and r e su l t s  from t h i s  reference w i l l  be 
pre sen t  e d he r e  i n .  

?’or purposes of i l l u s t r a t i o n ,  an expression f o r  the  temperature 
of a s ing ly  shielded capsule a s  a function of the temperature of the 
sh i e ld  i s  derived t o  show the relat ionship of the  rad ia t ion  heat-  
t r ans fe r  parameters. For the  configuration chosen, re f lec t ions  
between capsule and sh ie ld  can be neglected. 

For a sh ie ld  of temperature T1, the  radiat ion emitted from the 
shadeti s id .e  ( s ide  l b )  i s  

The rad ia t ion  from the sh ie ld  t h a t  i s  incident upon the  capsule i s  

where Flb-c 
t i o n  of‘ the  t o t a l  radiat ion emitted from surface lb t h a t  i s  incident 

i s  a radiat ion configuration f ac to r  defined as the f rac-  
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upon the  capsule ( f o r  the  configuration s tudied 
determined i n  r e f .  2 ) .  
by the capsule i s  

Fib- = 0.048, as 
The amount of t h i s  rad ia t ion  ghat i s  absorbed 

where ac i s  the  f r ac t ion  of the radiat ion incident upon the capsule 
t h a t  i s  absorbed. 
on the capsule of the  rad ia t ion  received from the shield,  as shown i n  
f i g .  3.)  The heat balance on the capsule i s  then 

(ac may be dependent upon the  angle of incidence 

The temperature of the capsule as  a function of the sh ie ld  temperature 
is, therefore,  given by 

The sh ie ld  temperature a t  distance r from the  sun i s  given by 

where the subscr ipt  l a  r e f e r s  t o  the sunlit s ide.  Thus, by speci-  
fyir,g the so la r  absorptance and thermal emittance propert ies  of the  
s u n l i t  s ide of the shield,  an experimentally determined change i n  
capsule temperature as  a function of sh ie ld  temperature can be r e l a t ed  
t o  distance from the  sun. 

FBSULTS AND DISCUSSION 

Thermal problems associated with unshielded vehicles which 
approach the sun are first discussed. The calculated e f f e c t  of plat- 
ing a disk sh ie ld  between t h e  vehic le  and the  incident. s o l a r  rad ia t ion  
i s  next presented. The r e su l t s  of the  calculat ions a re  then compared 
with the experimentally determined r e s u l t s .  
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Unshielded Vehicles 

The problem of thermal control of an unshielded vehicle during 
Ii1 this figure, 
Ax/Ac) is given 

an approach to the sun is illustrated in figure 6. 
the temperature of a conical capsule (low ratio of 
as a function of distance from the sun for various ratios of solar 
absorptance to emittance (US/€). 
trary temperature range of 60° to 90' F within which the vehicle 
should probably be maintained from an instrumentation and equipment 
standpoint. Even for the lowest value of as /€  = 0.2 (which is near 
the minimum achievable with engineering materials), the temperature 
becomes undesirably high when the distance from the sun is less than 
0.33 A.U. For all values of as /€  the temperature of the capsule 
increases rapidly as the distance from the sun is decreased. 

Also shown on the figure is an arbi- 

Shielded Vehicles 

Theoretical capsule temperatures as a function of distance froF 
the sun were calculated from the equations given in the Analysis sl c- 
tion based on the results of reference 2. These calculations are 
presented in figure 7 for the two configurations studied. For pur- 
poses of illustration, the "sunlit side" of the shield was assumed to 
have a white coating. The analytical results indicate that when the 
"backside" is black and the capsule is black, the vehicle can approach 
to within 0.11 A.U. fromthe sun, and when the backside is aluminum 
and the capsule is aluminum, the vehicle can approach to within 
0.04 A.U. from the sun without exceeding a 30' F rise in capsule tem- 
perature. For each configuration the capsule's internal heat is con- 
stant but the magnitude is determined by the heat necessary to achieve 
a capsule temperature of 60° F at 1 A.U. 

The corresponding calculated temperatures for the shield (based 

A comparison of figures 7 and 8 shows that the shield tem- 
on equation (12)) are given in figure 8 for the surface properties con- 
sidered. 
perature varies substantially more than the capsule temperature for a 
given change in distance from the sun. It should be emphasized that, 
for given shieid properties, the shield tmperature has a definite 
relationship with distance from the sun. As will be shown, this fact 
I s  utilized in the evaluation of the experimental results in terms of 
a solar probe mission. 

Capsule temperatures as a function of shield temperature were 
determined experimentally for the two configurations tested. 
total hemispherical emittance of each surface material was determined 

The 
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by a heat balance on the urishielded capsule model. 
emittance was used as the basis by which the calculations of capsule 
temperature change were compared with the experiment. 

This measured 

Black shield and black capsule. - Experinieiitaily deterrined cap- 
sule temperatures at various shield temperatures for the shield-capsule 
model with diffuse, black surfaces are shown in figure 9. As the tem- 
perature of the shield was increased io -950' F, the temperature of 
the capsule increased from 73' to 116 F as a result of absorbed radi- 
ation from the shield. 
change agreed within 6 percent, indicating that the mathematical tech- 
niques of the analysis are satisfactory and that the necessary assump- 
tions are justified for the configuration with carbon-black surfaces. 

The experimental and predicted temperature 

Alv;Lninum shield and aluminum capsule.- Results for the aluminum 
Increasing the shield tempera- configuration are shown in figure 10. 

ture to 980' F increased the capsule temperature from 81' to 91' F. 
However, in this case, the calculations predicted only a 4' F increase 
for the same change in shield temperature. 
excessively large on an absolute basis (6' F), but amounts to an error 
of 150 percent in the prediction of the change in capsule temperature. 

The discrepancy is not 

The calculated radiation factor between the shield and capsule 
was shown to be correct by the closer agreement between theory and 
experiment for the diffuse, black configuration. The total hemispher- 
ical emittances of the aluminum shield and the aluminum capsule were 
verified by radiometric measurements to be very nearly the same (as 
was assumed). It was therefore concluded that the probable cause of 
the discrepancy was the nondiffuse characteristics of the aluminum 
surfaces. In the Calculations, the absorptance of the aluminum cap- 
sule was assumed to equal its measured total hemispherical emittance 
(a, = 
surface exhibits a very strong absorptance at high angles of incidence 
(viewing angle, rp > 50'). 
this angular dependence will mean that the actual absorptance of the 
capsule to radiation from the shield could be much higher than the 
total hemispherical emittance measured, since the angle of incidence 
for the capsule is very high. To make a quantitative correction for 
nondiffuse properties would be very difficult, but it is clear that 
the deviation in capslde tezperature from that predicted is consistent 
with the differences in angular emittance (or absorptance) noted. 

= 0.067). As was shown in figure 3, however, the aluminum 

For the shield-capsule geometry studied, 

Temperature vs. distance from the sun.- It was shown Fn figure 8 
that shield temperature may be directly related (by eq. (12)) to dis- 
tance from the sun if the surface properties of the sunlit side are 

related to distance from the sun. In figure 11, for example, the 
sunlit side of the shields in the experiment is assumed to have a 
white coating and the capsule temperature is calculated on the basis 
of the experimental results. It is indicated that the shield-capsule 

ass-miefi, rnL..- L ~ ~ ~ ~ ,  t he  xeasurod capsule temperature change car! also be 
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configuration studied can approach to within 0.1 A.U. of the sun 
without reaching excessive temperatures with either of the two differ- 
ent surfaces. Also, even though the aluminum capsule temperature is 
more than twice as high as predicted, the actual temperature rise is 
quite small and well within the desired range. 

CONCLUDING REMARKS 

The experimental results of this program have verified that solar 
radiation shields are an effective means of minimizing temperature con- 
trol problems for vehicles subjected to large changes in solar radia- 
tion. When compared with these experimental results, it was also shown 
that, within its assumptions, the radiation heat-transfer analysis pre- 
viously developed for shield-capsule configurations is satisfactory. 
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FIGURE LEGENDS 

Figure 1.- Basic shield znd capsule geometry. 

Figure 2.- Photograph of capsule. 

Figure 3.- Variation of emittance with viewing angle for carbon-black 
and aluminum surfaces, 

Figure 4.- Photographs of space-envircnment vacuum chamber. 
(a) Vacuum chamber. 
(b) Interior of vacuum chamber; capsule installed. 

Figure 5 . -  Schematic of experimental test setup. 

Figure 6. - Capsule temperature versus distance from the sun for an 
unshielded vehicle; no internal heat. 

Figure 7.- Theoretical capsule temperature versus distance from the 
sun for the two surfaces studied (predicted by analysis in ref. 2). 

Figure 8. - Theoretical shield temperature versus distance from the sun 
For shields with various surface properties. 

Figure 9 . -  Temperature of the capsule versus temperature of the shield; 
black shield and black capsule. 

Figure 10.- Temperature of the capsule versus temperature of the shield; 
zilumi PI 1 I I shield and aluminum capsule. 

F;guic 2 . i . -  Predicted capsule temperature versus distance from the sun, 
b s e d  on experimentally determined data. 
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A-30226 Figure 2. - Photograph of capsule. 
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(a) Vacuum chamber. 
A-30224 

A-30223 

(b) Interior of vacuum chamber; capsule installed. 

Figure 4.- Photographs of space-environment vacuum chamber. 
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